Effectiveness of green tea (compared to two single polyphenols) in removing ozone derived reactive oxygen species acting on dioleoylphosphatidylcholine monolayers was determined. Lipid oxidation was followed by changes in mechanical properties of the layer spread on the aqueous subphase containing various amounts of ozone in the presence and absence of polyphenolics. It was shown that the tea extract (containing 8.5 x 10 -4 mg/cm 3 polyphenols) is capable of inactivating 0.4 ppm ozone. The DPPH radical scavenging test set polyphenols in the order of increasing activity, consistent with their protective effect in relation to lipid oxidation, showing the highest efficacy of EGCG.
INTRODUCTION
Environmental stresses leading to oxidative stress are the main cause of civilization diseases (cancer, diabetes, heart diseases) (Saeid et al., 2018) . Ozone, an air pollutant (a component of smog) is one of the important stressors affecting health (Bell et al., 2014) . Being the strongest oxidant (standard redox potential 2.07 V), it is able to oxidize many substances including unsaturated lipids forming cell membranes. However, there are relatively few papers focused on the oxidation of lipid monolayers by O 3 dissolved in an aqueous medium (Brown et al., 2011; Qiao et al., 2013; Rudolphi-Skórska et al., 2014; Rudolphi-Skórska et al., 2016; Rudolphi-Skórska et al., 2017) .
Consequences of lipid oxidation for the structure and properties of biological membranes are discussed in numerous papers (e.g. Solis-Calero et al., 2015) . Complexity of native membranes entails that many studies on lipid oxidation are carried out in model systems. The Langmuir trough technique in which the lipid layer and subphase compositions, layer compression rate and degree can be controlled, is frequently and successfully applied for studying lipid layer properties (e.g. Morandat et al., 2003) . Configuration of the Langmuir model, in which all participants of processes leading to layer modifications are working in situ, i.e. oxidant reacting with lipid layer and possibly present antioxidants, to some extent reflects the biological systems.
A lot of work has been done on oxidation-preventing action of antioxidants (e.g. Apak et al., 2016; Lu et al., 2010) . In this group, polyphenols exhibiting high ability of ROS scavenging occupy a significant place. It was proved that drinking green tea, rich in polyphenols and catechins, has a beneficial effect on human health (Higton & Frei, 2003) . Molecular mechanism of polyphenolic antioxidants` action was discussed in many papers (e.g.: Leopoldini et al., 2011) .
Classification of antioxidative ability can be done on the basis of various tests which "do not necessarily correlate with each other", as indicated in (Pinchuk et al., 2012) . The Langmuir model can be successfully used for a quantitative evaluation of the effectiveness of antioxidants' action.
The aim of this study, which is one in a series on the various physico-chemical aspects of lipid oxidation with ozone (Rudolphi-Skórska et al., 2014; Rudolphi-Skórska et al., 2016; Rudolphi-Skórska et al., 2017) , was to quantify the protective effect of green tea (GT) extract and two antioxidants present in it, namely epigallo catechin gallate (EGCG) and gallic acid (GA), against ozone-induced oxidation of the DOPC monolayer. The DOPC chosen for experiments represent the cholines which are present in large quantity in both animal and plant cell membranes (Yeagle, 2016) . Because oxidation of unsaturated lipids leads to the creation of water-soluble products, reduction in the amount of material capable of forming a layer was adopted as a measure of the lipid oxidation (RudolphiSkórska et al., 2014; Rudolphi-Skórska et al., 2016; Rudolphi-Skórska et al., 2017) . A decrease in the ozone concentration in the subphase after polyphenol addition was also measured. EGCG is the best electron donor among catechins and therefore is the best free radical scavenger (Higdon & Frei, 2003) . Gallic acid, as the simplest polyphenol, was chosen for comparison.
For studied polyphenols was performed also DPPH test for their antioxidative ability. Buffer Ozonation. Ozone was produced from pure oxygen by ozone generator FM 500 (Grekos, Poland). Phosphate buffer (0.01M, pH 7) was saturated with ozone and its specified concentration was obtained by appropriate dilution. Ozone concentration in a buffer was determined from discoloration of the indigo trisulfonate carmine, according to (Bader & Hoigne, 1981) . Taking into account fast ozone decomposition (Gurol & Singer, 1982) , samples for analysis were taken at the moment of lipid deposition.
MATERIALS AND METHODS

Materials
Surface Pressure Isotherms. Langmuir trough (KSV, Finland) of the surface area of 243 cm 2 was used for surface pressure isotherm registration at constant compression rate corresponding to 5 mm/min barrier speed. Lipid monolayer was formed by spreading a defined amount of DOPC chloroform solution at 1 mg/cm 3 concentration on the subphase composed of aqueous 0.01 M phosphate buffer, pH 7.0. Surface tensions were measured witha Pt-Wilhelmyplate. Experiments were performed at 25°C ± 1°C.
Anti-DPPH radical activity determination. Antioxidative activities of polyphenolic samples (of mass concentrations in the range between 0 and 0.02 mg/ cm 3 ) were tested in the reaction with DPPH(at constant concentration of 9.2 × 10 -5 M) in methanol. Polyphenol equivalent concentration in the Green tea extract was calculated based on the data from the certificate of the productused. The decrease in absorbance of DPPH solution was continuously registered for 3-5 min at room temperature. Antioxidant activity -Q (quenching) was represented by the relative reduction in DPPH concentration Q(t)=[A 0 -A a (t)]/A 0 , where A 0 is the initial absorbance of the DPPH solution (at 517 nm), A a (t) is time dependent absorbance of the reaction mixture and ttime. Changes in time of the Q parameter during the first 60 s were fitted to an exponential function whose slope extrapolated to time 0 was taken as a measure of the initial reaction rate.
RESULTS AND DISCUSSION
The protective effect was determined by comparing the responses of DOPC layers to ozone dissolved in the subphase in the presence and absence of the studied polyphenols, and by changes in the ozone concentration in the aqueous phase after their addition. The influence of ozone on physicochemical properties of DOPC layers was detected by measuring surface pressure isotherms as shown for a layer spread on antioxidant-free buffer solution.
The appearance of oxidation products, including low-molecular species, strongly influences lipid layer structure and properties (Brown et al., 2011; Reis & Spickett, 2012; Jurkiewicz et al., 2012) . Soluble oxidation products, when transferred to the aqueous phase, reduce the amount of material capable of forming amono layer causing significant disruption of the lipid layer structure. This results in a modification of the dependence of the layer surface pressure and consequently in compression modulus on area per molecule. With an increase in the ozone concentration, the surface pressure isotherms shift towards the lower values of nominal area per molecule due to a decreased amount of material capable of insoluble layer forming (Fig. 1a) . The maximal values of compression modulus decrease (inset in Fig 1a) : at the 0.195 ppm O 3 this value drops more than 50% relative to that obtained for the layer not exposed to ozone (95.3 mN/m to 43.1 mN/m). Compression module represents layer resistance vs. compression, informing about its rigidity. Lipid oxidation significantly reducing this quantity may have consequences for layer permeability. Such strong changes in the mechanical properties of the lipid layer, related also to modified interlayer interactions, may be of key importance for cellular processes (Makky & Tanaka, 2015) .
Under applied experimental conditions, the presence of polyphenolic antioxidants does not influence the surface pressure isotherm of the DOPC layer deposited on a buffer in the absence of ozone, but noticeably increases the threshold initial ozone concentrations leading to visible changes in surface pressure isotherms. In Fig. 1b , surface pressure isotherms of the DOPC layers exposed to comparable initial ozone concentrations in subphases in the absence and presence of antioxidants are shown. In these experiments, the polyphenol content was set at a constant mass concentration (8.5 × 10 -4 mg/cm 3 ) corresponding to the polyphenol amount equivalent to 5 × 10 -6 M GA. This mass concentration of EGCG is in a 1.9 × 10 -6 M solution. It is worth noting that the ratio of the used molar concentrations of GA to EGCG is inversely proportional to the ratio of the number of OH groups responsible for the reaction with an oxidant (3:8).
In the absence of polyphenols, isotherm of the DOPC layer on a buffer containing about 0.7 ppm O 3 indicates that the number of molecules capable of layer formation was considerably reduced. When lipid contacted a buffer of similar initial ozone concentration but with added antioxidants, the destruction of the layer was not as big and the surface pressure isotherm was registered in the same range of nominal areas per molecule.
Changes in the layer-forming capacity caused by lipid oxidation were expressed by the ratio of the areas per molecule at which the surface pressure increased by 1 mN/m (named lift-off area A lift ) for layers exposed to ozone, relative to the value obtained for non-oxidized lipid (A lift 0 ). This quantity can be taken as a measure of lipid oxidation (Rudolphi-Skórska et al., 2014) .
Rapid ozone decomposition precludes its accurate dosing, thus to get reliable data the experiments were done in the entire range of its level. The results obtained for all tested substances are shown in Fig. 2a . As wehave shown previously (Rudolphi-Skórska et al., 2014; Rudolphi-Skórska et al., 2016; Rudolphi-Skórska et al., 2017) , the dependence of the ratio of the lift-off area values on the ozone concentration has a characteristic S-shape. The range of ozone concentrations corresponding to an abrupt decrease in this value can be identified as threshold oxidant concentration above which significant destruction of lipid layer occurs. Further increase in the oxidant content does not influence the values of the lift-off areas ratio and this constant plateau value can be interpreted as a measure of the maximum loss of lipid material due to oxidation.
The dependencies presented in Fig. 2a show that plateau (A lift /A lift 0 ) value for DOPC layers spread on thesubphase that do not contain any antioxidants equals to 0.16. The presence of polyphenols only slightly affects this value. The strongest effect is observed for EGCG (0.28) which may mean that its relatively large molecular size and possibly its oxidation products can stabilize the lipid layer to some extent.
In contrast to changes in the plateau values of (A lift / A lift 0 ) ratio, the antioxidant's presence in the subphase significantly affects the threshold initial ozone concentration (before polyphenol addition) at which the state of lipid layer rapidly changes. Shifting the sudden change of (A lift /A lift 0 ) ratio towards higher initial ozone concentrations suggests that the role of polyphenols present in the subphase relies on reducing the amount of ozone-derived ROS. This was confirmed by performing measurements of the ozone concentrations in a given buffer before and after addition of the test substances. In Fig. 2b , concentrations of ozone in solutions containing constant amount of the studied polyphenols (8.5×10 -4 mg/cm 3 ) as a function of the initial (before antioxidant addition) ozone level are presented. The deviations of experimental points from the line of unit slope give an idea of the amount of ozone consumed in the bulk reaction. EGCG seems to be the most effective in ozone depletion from aqueous solutions, whereas actions of the GT extract and GA were similar.
Presentation of A lift /A lift 0 ratio as a function of ozone concentration after antioxidant addition, i.e. the concentration that effectively acts on the lipid layer (Fig. 2a) , shows that the threshold ozone levels for all tested systems are very similar, which means that polyphenols do not influence the lipid oxidation reaction and their role is to reduce the amount of ROS.
Action of water-soluble polyphenols significantly differs from that of antioxidants present in the hydrophobic part of the membranes. As shown in (Rudolphi-Skórska et al., 2014; Rudolphi-Skórska 2016) , α-tocopherol added to galactolipids has little effect on the threshold ozone concentration, causing a destruction of the mixed layer. On the other hand, tocopherol and its ionized oxidation products are able to stabilize the structure of oxidized layer which is manifested by an increase in the A lift /A lift 0 plateau level.
The lipid layers are a sensitive detector of the amount of ozone in the aqueous subphase (Rudolphi-Skórska et al., 2014; Rudolphi-Skórska et al., 2016; Rudolphi-Skórska et al., 2017) . The obtained results ( Fig. 1 and 2a) show that with increasing ozone concentration, the lipid layer undergoes degradation associated with a reduction of layer rigidity. At higher oxidant levels, the lipid oxidation finally results in layer destruction caused by the loss of material forming a monolayer. Membranes exposed to such strong oxidizing conditions may even lose their continuity (Cwiklik & Jungwirth, 2010) . The obtained dependencies of the A lift /A lift 0 ratio on the ozone concentration allow to quantify and compare the action of the tested antioxidants which, by reacting with ozone generated oxidizing radicals, reduce their concentration. Qualitatively, all tested antioxidants exhibit a similar protective effect. Quantitatively, considering the amount of ozone removed from the subphase and the resulting shift of threshold ozone level for lipid layer degradation, the studied polyphenolic antioxidants can be ranked according to their increasing effectiveness: GT extract, GA and EGCG being the most effective. The least effect of GT is probably related to the fact that this natural product, besides the phenolic compounds also contains other substances whose presence may influence the reaction with ROS.
The results presented above on the effectiveness of GA, EGCG and GT in scavenging ozone derived ROS were compared with their reaction with the DPPH radical. The initial rates of this reaction, as shown in the Fig. 3a , change in different ways with the concentration of the studied polyphenols (at constant DPPH level).
Another way of assessment of antiradical ability is based on the concentration dependence of the Q t parameter (describing a fraction of radicals remaining after a defined reaction time) (Fig. 3b) . Antioxidant concentrations decreasing the DPPH radical amount to half (I 50 ) after a 2 min reaction, obtained from the dependencies presented in Fig. 3b , are collected in Table 1 . For a given antioxidant, the I 50 parameter, representing a different stage than the initial rate of the reaction, is independent of the concentration but depends on the reaction time. As such, it cannot be considered as a universal parameter describing an antioxidant activity. It will depend on the reaction kinetics, which can be very different for different substances (Xie & Schaich, 2014) .
As one can see (Fig. 3 and Table 1 ), information obtained from both factors shows that polyphenolic antioxidant concentrations necessary for effective neutralization of the DPPH radicals have to be much higher (8.5×10 -4 mg/cm 3 ) in comparison to ozone-derived ROS in aqueous solutions (as it was shown in experiments with lipid model). This means that information on the antioxidant effectiveness based on the results of the DPPH test cannot be simply transferred to their action vs. other radicals (e.g. ROS) in a different environment (alcoholic vs. aqueous).
CONCLUSIONS
A quantitative assessment of the effects of oxidation (layer destruction) and the antioxidative activity of some polyphenolics was made on the basis of results obtained in a model system in which a single, quantified stress factor (O 3 ) acts on the biomolecules (lipid layers) in the presence of tested antioxidants. The system arrangement, at least qualitatively, reflects a situation in cells where all participants of these processes operate in the same place. The efficiency of operation of polyphenolic substances determined this way is free of screening or amplifying effects which may come from metabolic processes taking place in the living system (when tests are conducted on whole cells or whole organisms).
The protective ability, defined by the shift of the ozone threshold level (separating non-destructive from the destructive range of concentrations of the oxidant acting on the lipid layer) allows the studied polyphenols to be ranked according to their effectiveness: EGCG> GA > GT. EGCG also exhibited the greatest activity in DPPH radical inactivation.
It was shown that at a low concentration (8.5 × 10 -4 mg/cm 3 of polyphenolic species), the GT extract can Table) . The lines denote nonlinear fit of experimental data with R sqr values equal to 0.88, 0.94 and 0.95 for GA, GT and EGCG, respectively.
deactivate 0.4 ppm ozone in a solution. Thus, drinking green tea may constitute an effective therapeutic and preventive measure in the widely understood protection of the health of societies.
